ABSTRACT Our objective was to investigate whether zinc interacts with taurine to influence the development of retinal structure and function. Virgin female Sprague-Dawley rats were bred overnight and assigned to one of four treatments in a 2 1 2 factorial design with two levels of zinc (50 mg/g through gestation and 50 mg/g after parturition; 15 mg/g through gestation and 7.5 mg/g after parturition) and two levels of taurine (2 or 0 mmol/g). The control diet contained 50 mg/g zinc and 2 mmol/g taurine. Guanidinoethyl sulfonate (10 g/L), a taurine transport inhibitor, was added to the drinking water of the rats receiving 0 mmol/g taurine. At postnatal d 23, male pups (n Å 10) were weaned onto their respective diets. Pup eyes were examined by biomicroscope and indirect ophthalmoscope at 4 and 7 wk; retinal folds and choroidal atrophy were detected in the pups deficient in zinc and taurine. Analysis of plasma zinc and tibial zinc concentrations revealed a significant interaction in these tissues (P õ 0.05). Dark-adapted oscillatory potentials (OP) were recorded at 7.5-8.5 wk. Two-way ANOVA showed a significant interaction between zinc and taurine for OP 2 and OP 3 amplitudes; marginal zinc deficiency decreased the amplitude of the OP only when rats were also deficient in taurine. A significant depressing effect of marginal zinc deficiency was noted for OP 1 amplitude. Taurine deficiency significantly depressed the amplitude of OP 1 and OP 4 . Histological examination of the retinas from rats deficient in both zinc and taurine revealed photoreceptor degeneration and confirmed retinal dysplasia. These data provide evidence for an interaction between zinc and taurine in retinal morphology and function.
for this interaction. Plasma taurine concentration is increased Reports that the nutrients zinc and taurine interact have in severely zinc-deficient rats (Griffith and Alexander 1972) . prompted interest in the physiological importance and possible Griffith and Alexander (1972) found no alteration in the uri mechanisms responsible for this phenomenon (Pasantes-Monary excretion of taurine in zinc deficiency; other researchers rales et al. 1987b) . Isolated frog rod outer segments exposed have described an increase (Anthony et al. 1971 , Hsu and to ferrous sulfate display extensive disruption of their structure, Anthony 1970) . Interest in the interaction between zinc and characterized by acute swelling and disc membrane disorganizataurine in neurological disorders has also been reported tion. The addition of zinc or taurine alone to the culture (Barbeau and Donaldson 1974, Shapcott et al. 1984) . medium is ineffective in protecting against this outer segment damage; however, zinc and taurine, added together, provide protection in a synergistic manner (Pasantes- Morales and Cruz The developing retina may be a sensitive tissue in which 1984). In vivo experimentation contributes further evidence to explore the interaction between zinc and taurine. A 50% reduction in retinal taurine in cats results in retinal degenera- Lake 1987 , Hageman and Schmidt 1987 , Lake 1986 , Rapp et Ingredient Amount al. 1987 ) and degeneration of the photoreceptors Malik 1987, Pasantes-Morales et al. 1983 ). Treatment of rats
with 10 g/L GES throughout gestation produces a degeneration of the photoreceptor layer of the retina in pups, similar to that Spray-dried egg white 200 observed in kittens (Bonhaus et al. 1985) .
Soybean oil 2 70
The influence of zinc on the retina is less clear. Examination indirect ophthalmoscopy were completed on all dams and males prior All procedures used in this study were approved by the University of to breeding. Rats with pre-existing eye disease were excluded from Saskatchewan Committee on Animal Care and Supply. the study. Similar examinations were performed on the pups at 4 and Rats were fed control diet for at least 7 d and bred overnight. On 7 wk postnatal age. The veterinary ophthalmologist who completed d 0 of gestation, as determined by the presence of sperm in vaginal these examinations was not aware of treatment group during the smears, the females were placed individually in stainless steel cages examinations. and randomly assigned to one of five treatments. Treatments consisted Oscillatory potentials. Oscillatory potentials were recorded on of four diets formulated with two levels of zinc (/Zn, 50 mg Zn/g pups at 7.5-8.5 wk of age after overnight dark adaptation. Recordings diet; 0Zn, 15 mg Zn/g diet) and 2 levels of taurine (/Tau, 2 mmol were made within 5 h of the usual onset of light. Rats were anesthetaurine/g diet; 0Tau, 0 mmol taurine/g diet) in the following combitized with an intramuscular injection of ketamine (30 mg/kg body nations: /Zn//TauAL (control), /Zn/0Tau, 0Zn//Tau or 0Zn/ weight; rogar/STB, London, ON, Canada) and xylazine (7-8 mg/kg 0Tau. The above groups were provided with free access to modified body weight; Chemagro, Etobicoke, ON, Canada). The right pupil AIN-93G diets (Reeves et al. 1993 ) and distilled deionized water. A was dilated with 1% tropicamide (Alcon Canada, Mississauga, ON, fifth group of rats (/Zn//TauPF) was fed control diet and individuCanada) and the cornea anesthetized with proparacaine hydrochloally pair-fed to their respective pairs in the 0Zn//Tau group. The ride (Allergan, Markham, ON, Canada). The eyelids were retracted basal diet presented in Table 1 contains õ 0.001 mmol/g taurine as with plastic clips. Oscillatory potentials were recorded differentially determined by HPLC. GES (10 g/L) was added to the drinking water with a saline-soaked cotton wick electrode positioned on the cornea of the /Zn/0Tau and 0Zn/0Tau groups. Zinc concentration of the and fixed to a silver-silver chloride wire. A platinum needle reference 0Zn//Tau and 0Zn/0Tau diets was further reduced to 7.5 mg/g at electrode was inserted subcutaneously 2 mm caudal to the lateral parturition.
canthus; a platinum needle ground electrode was positioned at the On d 20 of gestation, dams were transferred to stainless steel cages base of the tail. The rats were placed in a Cadwell PA-10 Ganzfeld fixed with plastic mesh bottoms and provided with 30 1 50 cm of Full-Field Stimulator (Cadwell Laboratories, Kennewick, WA) at a absorbent paper (VWR, Edmonton, AB, Canada) as nesting material.
premarked position to ensure consistent eye placement. All proceLitters were adjusted to 7-10 pups at postnatal d 4. Nesting material dures were carried out under dim red light. The light intensity used was 45 J/cm 2 , measured at approximate rat eye level, with a Pasco high sensitivity photometer model #OS-8020 1 Results are expressed as means; n Å 10. Statistical analysis was by two-factor ANOVA with zinc and taurine as independent variables. 2 Pups fed 50 mg/g zinc and 2 mmol/g taurine from weaning (born to dams fed the same diet throughout gestation and lactation).
3 Pups fed 50 mg/g zinc and 0 mmol/g taurine [/10 g/L guanidinoethyl sulfonate (GES) in drinking water] from weaning (born to dams fed the same diet/drinking water throughout gestation and lactation).
4 Pups fed 7.5 mg/g zinc and 2 mmol/g taurine from weaning (born to dams fed 15 mg/g zinc and 2 mmol/g taurine throughout gestation and 7.5 mg/g zinc and 2 mmol/g taurine during lactation).
5 Pups fed 7.5 mg/g zinc and 0 mmol/g taurine from weaning (/10 g/L GES) [born to dams fed 15 mg/g zinc and 0 mmol/g taurine (/10 g/L GES) throughout gestation and 7.5 mg/g zinc and 0 mmol/g taurine (/10 g/L GES) during lactation].
6 Body weight obtained at weaning.
Data were averaged using a Cadwell 5200A (Cadwell Laboratories) and for zinc analysis. Tissues were collected in polypropylene vials, all glassware was acid washed and the necessary precautions were taken stored on computer using the Cadwell 5200A Save/Recall Program (Cadwell Laboratories). Amplitude and latency were determined for each oscilto prevent trace element contamination from the environment. Liver and eye taurine concentrations were determined by HPLC latory potential wavelet. OP 1 amplitude was measured from base line; the amplitudes of OP 2 , OP 3 , OP 4 , and OP 5 were measured from the lowest as previously described (Gottschall-Pass et al. 1995) . Plasma zinc was determined by flame atomic absorption spectrophotometry (FAAS) preceding deflection. Oscillatory potential latencies were measured from stimulus onset to the peak of each wavelet.
after diluting the sample (1:4) with distilled, deionized water. Liver, tibia and eye zinc were determined by FAAS after wet ashing (Clegg Zinc and taurine analysis. Rats were anesthetized with methoxyflurane (Janssen Pharmaceutica, Mississauga, ON, Canada), blood et al. 1981) . Two eyes were pooled for each analysis. All readings were conducted with the instrument in the absorbance mode. Conwas taken by cardiac puncture and the rats killed by decapitation. The left eyes from eight rats per group were reserved for zinc analysis.
centrations were calculated from the absorbance values by use of a linear regression equation, which was obtained with seven standard Eyes from four independent rats per group (2 left and 2 right) were retained for taurine analysis. Plasma, liver and tibia were also taken concentrations made in 0.1 mol/L Ultrex grade HNO 3 (PDI Joldon, Aurora, ON, Canada). National Institute of Standards and Technolfor zinc analysis. Liver was stored for taurine analysis. Tissues were collected on ice and stored at 070ЊC for taurine analysis or 020ЊC ogy (Gaithersburg, MD) bovine serum or liver was included in sample 1 Results are expressed as means { SEM; n Å 10 for tibia and liver; n Å 4 for eye; n Å 9 for /Zn//TauAL and 0Zn/0Tau plasma and n Å 10 for /Zn/0Tau and 0Zn//Tau plasma. Values with different superscripts differ significantly (P õ 0.05). Statistical analysis was by two-factor ANOVA with zinc and taurine as independent variables. When a significant interaction was found, differences between groups were determined by least significant difference.
2 See Table 2 for explanation of treatments.
ZINC AND TAURINE INTERACT IN THE RETINA
interaction between zinc and taurine was detected at any time point.
Tissue zinc concentrations. A significant interaction between zinc and taurine was observed for plasma zinc concentrations (Table 3) . Feeding rats marginally zinc-deficient diets significantly depressed plasma zinc concentrations (/Zn/ /TauAL vs. 0Zn//Tau); this effect was reversed when the rats were also made taurine deficient (0Zn//Tau vs. 0Zn/ 0Tau).
A significant interaction between zinc and taurine was observed for tibial zinc concentration. Zinc deficiency depressed tibial zinc concentrations (/Zn//TauAL vs. 0Zn//Tau); however, this effect was less pronounced when the rats were also taurine deficient (0Zn//Tau vs. 0Zn/0Tau).
Marginal zinc deficiency and taurine deficiency both significantly depressed eye zinc concentrations; however, no interaction between zinc and taurine was detected.
Marginal zinc deficiency significantly depressed liver zinc concentrations, but no interaction between zinc and taurine was observed.
Tissue taurine concentrations. Although a significant interaction between zinc and taurine was not demonstrated for liver taurine (P Å 0.055), a trend was present (Table 3) . When rats were fed taurine-deficient diets and GES, liver taurine concentrations were depressed independent of zinc status (/Zn//TauAL vs. /Zn/0Tau and 0Zn/0Tau). Zinc deficiency, however, elevated the liver taurine levels of taurineadequate rats (/Zn//TauAL vs. 0Zn//Tau).
Taurine deficiency significantly depressed eye taurine concentrations, but no interaction between zinc and taurine was observed.
Ophthalmoscopic assessment. Examination by indirect multiple coalescing patches of choroidal atrophy in 2 out of 10 rats from the 0Zn/0Tau group. Retinal folds were first noted in the 0Zn/0Tau group at 4 wk in 4 out of 10 rats. No runs as a standard reference material. Recovery for these reference materials was 91.7 and 95.7-102.2%, respectively.
abnormalities were evident in rats from the /Zn//TauAL, Light microscopy. The right eyes from eight rats per treatment 0Zn//Tau, or /Zn/0Tau groups.
group were assigned for light microscopic examination. Eyes were Biomicroscopic examination at 7 wk identified the unilatenucleated via transconjunctival resection and the dorsal (12 o'clock eral development of uveitis, a focal keratitis and an anterior position) was marked with ink immediately after killing. Four of these cortical cataract in one rat from the /Zn//TauAL group. eyes were immersed in Bouin's fluid for 24 h, rinsed in 70% ethanol and stored in 70% ethanol until sectioning. Sectioning was completed after the globe was orientated and the eye hemisected vertically through the optic nerve. Hemisected culottes were embedded in paraffin and sectioned and stained routinely with hematoxylin and eosin (Render 1992) . Four eyes from each treatment group were immersed in 2.5% cacodylate-buffered glutaraldehyde, and 1-mm sections of the retina, choroid and sclera were harvested 1 mm below the optic disk. These specimens were washed, dehydrated and embedded in epoxy. Semi-thin sections were cut on a diamond knife and stained with toluidine blue (Render 1992) . Statistical analysis. Data were analyzed by two-factor ANOVA with zinc and taurine as the independent variables (SuperANOVA, Abacus Concepts, Berkeley, CA). Differences between groups were determined by least significant difference (Steel and Torrie 1980) . A probability of õ 0.05 was considered significant.
RESULTS
Marginal zinc deficiency failed to significantly affect food intake or body weight of the pups over the course of the study ( Table 2) . On the basis of these findings, inclusion of the /Zn//TauPF group was not necessary, and results from this group are not presented. Taurine-deficient pups weighed sig- These lesions were consistent with incidental trauma and were ments remained and the retinal pigment epithelium appeared hyperplastic and hypertrophied. These abnormalities and atronot included in electroretinographic or histologic assessments.
Oscillatory potentials. OP from a control rat are shown in phy of the choroid were most prominent in areas of retinal dysplasia. Figure 2 . Individual OP were variably affected by the treatments (Table 4) . Marginal zinc deficiency significantly deExamination of retinas from /Zn/0Tau rats revealed mild degeneration of the photoreceptors; the outer segments were pressed the amplitude and increased the latency of OP 1 . The latency of OP 3 was also significantly greater in zinc-deficient shorter and contained numerous vesicles, disorientated discs and discontinuous cell membranes (Fig. 4b) . rats. The amplitudes of OP 1 and OP 4 in taurine-deficient rats were also significantly depressed. Interactive effects between
Retinas from the 0Zn//Tau and /Zn//TauAL groups were similar and no abnormalities were noted (Fig. 4c) . zinc and taurine were observed in OP 2 and OP 3 amplitudes; marginal zinc deficiency decreased the amplitude of the oscillatory potential, but only when rats were also taurine deficient DISCUSSION (0Zn//Tau vs. 0Zn/0Tau).
Light microscopy. Light microscopy revealed degeneration The results of this study provide morphological and funcof photoreceptor outer segments and confirmed retinal dysplational evidence that zinc interacts with taurine in the develsia (Fig. 3) and choroidal atrophy in the 0Zn/0Tau group. oping rat retina. Rat pups were exposed to variable zinc and Generalized loss of the outer segments of the photoreceptors taurine status throughout the period of retinal development, was apparent (Fig. 4a) ; in some areas, only blunted inner segwhich begins prenatally and extends until approximately 6 wk of age (Braekevelt and Hollenberg 1970) . Light microscopic examination at 7.5-8.5 wk postnatal age demonstrated marked photoreceptor degeneration and confirmed retinal dysplasia, detected with the ophthalmoscope at 4 wk, in rats deficient in both zinc and taurine. These findings provide strong evidence for an interaction because the photoreceptors from zincdeficient rats appeared histologically normal and only mild photoreceptor degeneration was seen in the taurine-deficient group. Retinal folds have previously been reported in term fetuses of severely zinc-deficient Long-Evans rats (Rogers and Hurley 1987) . Spontanenous retinal dysplasia of unknown etiology has also been described in normal Sprague-Dawley rats (Hubert et al. 1994 ). However, we found no evidence of this condition in control rats. Oscillatory potentials provide further evidence of an interaction between zinc and taurine; zinc deficiency depressed the amplitude of OP 2 and OP 3 only when the rats were also taurine deficient. The presence of an interaction in only two of the FIGURE 3 Hematoxylin and eosin-stained retinal section from a five oscillatory potentials suggests that zinc and taurine may rat deficient in zinc and taurine (0Zn/0Tau). This section was cut function synergistically in only specific areas of the inner retthrough the retinal fold shown in Figure 1 and confirms the presence of retinal dysplasia. Bar equals 10 mm.
ina. Each of the five oscillatory potentials is believed to origi-
FIGURE 4
Toluidine blue -stained retinal thin sections. Arrows mark external limiting membrane and retinal pigment epithelium-photoreceptor junction. Bar equals 30 mm. a) Representative section from a rat deficient in zinc and taurine (0Zn/0Tau). Generalized loss of the outer segments of the photoreceptors is apparent. Note the inner and outer segments are reduced in length (arrows). b) Representative section from a rat deficient in taurine (/Zn/0Tau). Mild degeneration of the photoreceptors is apparent. Note the inner and outer segments are decreased in length (arrows). c) Representative section from a control rat (/Zn//TauAL).
nate independently from one another in different regions of pressed plasma and tibial zinc; however, the effect was less pronounced when rats were also taurine deficient, suggesting the inner nuclear layer of the retina (el Azazi and Wachtmeister 1990). The reversibility of these changes is not known.
that taurine influences the zinc status of the animal. Zinc apparently also influences taurine metabolism because liver Interaction was also evident in the depressing effects of taurine deficiency on whole-eye zinc concentration. However, it is taurine concentration was elevated by zinc deficiency. The main treatment effects observed in this study also dedifficult to relate these changes to the morphological and functional changes in the retina; whole eye may not be representaserve consideration. Independent effects of taurine deficiency on specific oscillatory potentials were evident with reductions tive of retinal concentrations because the levels of these nutrients in different eye tissues are variable (Eckhert 1983, Heinä- in the amplitudes of OP 1 and OP 4 . Although previous research has identified the importance of taurine in the development mäki et al. 1986).
The retinal degeneration observed in combined zinc and of normal photoreceptor morphology and function (Bonhaus et al. 1985 , Imaki et al. 1986 ), our results suggest that taurine taurine deficiency is particularly important given the marginal degree of zinc restriction employed in this study. This model also functions in the inner retina. These findings support the work of Lake and Malik (1987) who reported a reduction in was chosen to represent the degree of zinc deficiency that could occur in the human population. Although zinc deficiency was inner retinal width on light microscopic examination in rats treated with GES for the last week of gestation and for 8 wk confirmed by significantly depressed plasma, tibia, liver and whole-eye zinc concentrations, the rats showed no clinical following parturition. We also observed photoreceptor disruption in taurine-deficient rats as has been previously reported signs. The small decrease in food intake in zinc-deficient rats was not significant although intake was consistently lower than (Bonhaus et al. 1985 , Lake and Malik 1987 . that of control rats at all time points.
The model of taurine deficiency used in this study is similar The main treatment effect of zinc on certain oscillatory potentials suggests additional independent biochemical functo that described previously (Bonhaus et al. 1985 , Lake 1983 . Rats fed taurine-deficient diets and tions for zinc in the retina. Marginal zinc deficiency independently depressed the amplitude and increased the latency of GES had depressed liver and whole-eye taurine concentrations consistent with other reports (Bonhaus et al. 1985) . Depressed OP 1 , and increased the latency of OP 3 . Decreased photoreceptor zinc content has previously been observed by histochemical retinal taurine has also been described using this model (Cocker and Lake 1989 , Lake 1981 , Rapp et al. 1987 . Other localization (Hirayama 1990) , and morphological changes have been reported in the photoreceptors and retinal pigment investigators have reported limited data on food intake and weight gain. In the present study, taurine deficiency tended epithelium of severely zinc-deficient rats (Leure-duPree and McClain 1982) . Little information is available on the influto depress food intake and weight gain in the postweaning period, whereas weight gain at weaning was similar to that of ence of marginal zinc deficiency, particularly in regions of the inner retina. Although we did not detect morphological control rats. Previous research that found no intrauterine growth retardation in fetuses of rats deficient in taurine alterations in marginally zinc-deficient rats, future studies using electron microscopy may detect ultrastructural damage that throughout gestation (Gottschall-Pass et al. 1995) and no effect on pup weight during lactation up to postnatal d 17 (Lake was not apparent on gross histological assessment. The effects of zinc deficiency on retinal electrophysiology and morphology 1983) is consistent with this observation.
The biochemical mechanisms responsible for the interacand the mechanism by which zinc exerts these effects deserve further investigation. tion of zinc with taurine are unknown. Zinc has been proposed to play a physiological role in plasma membranes by its effects In summary, morphological and physiological evidence has been obtained that zinc and taurine interact in the developing on membrane protein conformation and protein-protein interactions (Bettger and O'Dell 1993) . Although the precise biorat retina. This has been demonstrated by severe photoreceptor damage, retinal dysplasia and depressed oscillatory potentials chemical roles in the membrane have not been fully elucidated, it has been suggested that the loss of zinc from specific in combined zinc and taurine deficiency. Evidence of an interaction in other tissues was noted in plasma zinc, tibial zinc proteins in the plasma membrane alters water and ion channels. Ultimately, intracellular ion and water concentration is and liver taurine concentrations. Choroidal atrophy was also apparent in the combined deficiency group. The mechanism changed (Bettger and O'Dell 1993) . We hypothesize that taurine, through its role as an intracellular osmoregulator (Huxtaresponsible for this interaction deserves investigation. In addition, independent effects of zinc and taurine on oscillatory ble 1992), can respond by regulating water and ion flow across potentials were demonstrated. These have not been previously the photoreceptor and inner retinal membrane. The photoreidentified, and they suggest additional independent functions ceptor degeneration in combined zinc and taurine deficiency for each of these nutrients in the inner retina. may represent a loss of membrane integrity in the outer retina exacerbated by the loss of an osmoregulatory mechanism. Depressed oscillatory potentials may reflect decreased integrity of ACKNOWLEDGMENTS neuronal membranes in the inner retinal regions.
In addition to retinal pathology, evidence of focal choroidal
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observed. This anomaly was initially detected on ophthalmoscopic assessment and confirmed by light microscopy. These data provide additional evidence of an interaction between LITERATURE CITED zinc and taurine in another eye structure. Choroidal atrophy 
